3-D Numerical Model for Wave-Induced Dynamic Behavior of Sand Beds at Bridge Piers by Mia, Faruque et al.
Conference Paper, Published Version
Mia, Faruque; Nago, Hiroshi; Maeno, Shiro
3-D Numerical Model for Wave-Induced Dynamic Behavior
of Sand Beds at Bridge Piers
Verfügbar unter/Available at: https://hdl.handle.net/20.500.11970/100336
Vorgeschlagene Zitierweise/Suggested citation:
Mia, Faruque; Nago, Hiroshi; Maeno, Shiro (2002): 3-D Numerical Model for Wave-Induced
Dynamic Behavior of Sand Beds at Bridge Piers. In: Chen, Hamn-Ching; Briaud, Jean-Louis
(Hg.): First International Conference on Scour of Foundations. November 17-20, 2002,
College Station, USA. College Station, Texas: Texas Transportation Inst., Publications Dept..
S. 218-226.
Standardnutzungsbedingungen/Terms of Use:
Die Dokumente in HENRY stehen unter der Creative Commons Lizenz CC BY 4.0, sofern keine abweichenden
Nutzungsbedingungen getroffen wurden. Damit ist sowohl die kommerzielle Nutzung als auch das Teilen, die
Weiterbearbeitung und Speicherung erlaubt. Das Verwenden und das Bearbeiten stehen unter der Bedingung der
Namensnennung. Im Einzelfall kann eine restriktivere Lizenz gelten; dann gelten abweichend von den obigen
Nutzungsbedingungen die in der dort genannten Lizenz gewährten Nutzungsrechte.
Documents in HENRY are made available under the Creative Commons License CC BY 4.0, if no other license is
applicable. Under CC BY 4.0 commercial use and sharing, remixing, transforming, and building upon the material
of the work is permitted. In some cases a different, more restrictive license may apply; if applicable the terms of
the restrictive license will be binding.
3D NUMERICAL MODEL FOR WAVE-INDUCED DYNAMIC 
BEHAVIOR OF SAND BEDS AT BRIDGE PIERS
By
Md. Faruque Mia1, Hiroshi Nago2, Shiro Maeno3
ABSTRACT
Bridges over water are mainly collapsed due to foundation scour and instability. The major 
damage to bridges specially occurs during floods or storm waves. When variation of wave 
pressure is subjected to fine-grained bed materials, the excess pore water pressure develops 
and changes with time. Depending on circumstances, the increase of the excess pore water 
pressure may reduce the effective stress to zero at a certain depth of foundation at bridge 
piers. Hence, the failure of bridges may not only occur due to scour but also due to 
instability of foundations under the persistent action of flood waves. A three-dimensional
numerical model is therefore presented in this paper to calculate the characteristics of the 
pore water pressure and the effective stress variation at bridge piers under water pressure 
variation. The results obtained by numerical analysis are compared with laboratory data 
observed at a circular bridge pier. Comparisons of the computed results with experimental 
data reveal that the model predicts well the distribution of the pore water pressure and the 
distribution of the effective stress at bridge pier. 
INTRODUCTION
The subject of wave-induced effective stress in sand beds is important to designing the 
foundations for various structures like bridges, gravity type breakwaters, offshore oil
storage tanks and buried pipelines. Many bridges and offshore structures are damaged due 
to onslaught (i.e., violent attack) of flood waves or storm waves. Zen et al. (1991) reported 
that a breakwater in the West port of Niigata, Japan, was critically damaged due to a 
cyclone passed through the Japan Sea in October, 1976. They mentioned that the
breakwater was designed against circular slip failures where the oscillating effects of wave 
pressure were not taken into account in the design code.  Therefore, it is necessary to take 
into account the wave-induced dynamic  behavior  of the sand beds   for designing purpose 
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of the river and coastal structures. Hattori et al. (1984) suggested that the failure of a 
breakwater may be caused either by the local scour in the front edge of the rubble mound, 
or by the wave pressure acting directly to the caisson under attacks of storm waves. During 
strong waves, the strong variation of wave pressure acts on the surface of the sand bed. As 
a result, the pore water pressure increases and the effective stress decreases with time in 
the sand bed. This paper considers three-dimensional numerical analysis for wave-induced
pore water pressure and effective stress of sand bed foundations based on the Biot's three-
dimensional consolidation theory. The model is used to simulate the basic dynamic
behavior of the sand bed around a bridge pier.
EXPERIMENTS
The experiments to investigate the dynamic behavior of sand bed were conducted in a large 
wave flume 1600cm long, 60cm wide and 160cm deep, located in the Hydraulics
Laboratory of Okayama University, Japan. Fig. 1 shows a schematic figure of the
longitudinal cross-sectional view of the experimental wave flume. A mobile bed zone 
450cm long, 60cm wide and 40cm deep was prepared at a distance of 800cm from the 
upstream end of the flume. This zone was filled with sediment of mean particle size
50 0.25d = mm and geometric standard deviation 1.2gσ = . A circular pier of diameter
10D = cm was used in the experiment. The experiments were conducted for the
measurements of pore water pressure at the pier in the different layers of the sand bed. Fig. 
2 shows the position of the pressure transducers at the pier wall. Pt.1 was placed 5cm 
above the bed level to measure the water pressure, which was considered as the pressure 
acted over the bed surface, and Pt.2, Pt.3 and Pt.4 are placed at distances of 5cm, 15cm and 
25cm, respectively, below the sand surface. The data for pore water pressure were
collected at the beginning and some other several time steps of the experiment for 180 sec 
with a frequency of 50zf = s
-1.  Table 1 shows the detail of several experiments. The 
numerical model was verified with the experimental data which were observed for the 
condition of mean water level h0 = 80cm, wave height H = 30cm, wave period T = 2sec 
and wave length L = 450cm. 
GOVERNING EQUATIONS AND NUMERICAL APPROXIMATIONS
The motions of water and sand in the bed are analyzed by the method similar to that of 
ground water problems in an elastic aquifer (Rouse 1950). Based on the Biot's (1941)
three-dimensional consolidation theory, the governing equations for equilibrium and
continuity to express the pore water pressure and the effective stress under hydrodynamic 
forces in the three-dimensional (x, y, z) coordinate system with the z axis directed vertically 
downward are 
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where xσ , yσ , zσ  are the incremental normal stresses which are the deviations from the 
initial stress state, xyτ , yzτ , zxτ  are the incremental shear stresses, h  is the pore water 
pressure, ρ  is the mass density of water, g  is the acceleration due to gravity, 0P  is the 
atmospheric pressure, β  is the compressibility of water, t  is the time, k  is the coefficient
of permeability, wλ  is the porosity occupied by the water, aλ  is the porosity occupied by 
the air and e is the incremental volumetric strain. 
The vertical distribution of porosity occupied by air, aλ , is not uniform along the depth of 
the sand bed. This varies with the absolute pressure, P ( = P0 + ρgh). If aλ  for the standard 
pressure ( 0P P ghρ= + ) is denoted by aλ , then aλ  for the pressure P can be expressed as 
a a
P
P
λ λ =                                                 (5)
The computational domain is discretized with a series of 8-noded hexahedron
isoparametric elements. The continuous functions for displacements components xu , yu ,
zu , and h  are approximated using the interpolation formulations over each element as
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where n is the number of nodes in each element, ja , jb , jc  and dj are the nodal values of 
xu , yu , zu and h , respectively, and jφ  is the shape functions dependent only on
coordinates. Applying the Galerkin method to Eq. (1) to Eq. (4), then applying Green's 
Theorem to the terms involving second order derivatives and using a weighted finite-
difference scheme to discretize the time derivative, a system of element stiffness matrix is 
obtained.
The finite difference scheme to discretize the time derivative is formulated as
( )t t tj jj f ff
t t
+ ∆
−∂
=
∂ ∆
, ( )1t t tj j jf f fθ θ+∆= + −  (10)
where t∆  is the computation time interval and θ  is a time discretization weighting factor.
The parameter θ  defines different two-level time integration methods. For example, 0θ =
corresponds to the explicit Euler scheme, 1 /2θ =  is the centered difference Crank-
Nicholson method and 1θ =  will produce a completely implicit scheme. The global matrix 
for the whole domain is stored by superposing the element stiffness matrices and solved for 
each time interval using the Gauss elimination method.
NUMERICAL MODEL APPLICATION
Computations were performed with a symmetric mesh containing 1296 elements. The 
meshes are discretized by 8-noded hexahedral isoparametric elements. The domain for 
mesh discretization was considered as 60cm×60cm×40cm with 10 vertical layers. The 
schematic diagram for computational mesh around a bridge pier is given in Fig. 3. 
Numerical calculations are performed for the parametric values of porosity occupied by 
water, 0.40wλ = ; porosity occupied by air, 0.005aλ = ; coefficient of permeability,
0.012k = cm/s; compressibility of the sand bed, 111000 10α −= × m2/N; compressibility of 
water, 1142.3 10β −= × m2/N; Young's modulus, 74.8 10E = × N/ m2; Poisson's ratio,
0.48µ = ; incremental time step, 0.02t∆ = ; total depth of sand bed, 40Z = cm; mean
water depth, 0 80h = cm and time period, 2T = sec.
NUMERICAL ANALYSIS AND DISCUSSIONS
The dynamic behavior of sand bed around bridge pier is simulated using the proposed 
numerical model. The experimental results for test no.2 are compared with simulated
results in Fig. 4 and Fig. 5. The pore water pressure was recorded for the wave propagation 
of 20 sec from the beginning of the experiment. The porosity of the uniform sand bed was 
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0.4. Fig. 4 shows the comparison between the simulated and experimental pore water 
pressure at different depths. The oscillating water pressure acting on the highly saturated 
sand surface propagates into the sand layer with the damping in amplitude and the lag in 
phase. The damping ratio and phase lags largely depend on the volume of the air content in 
the sand layer (Nago 1981). Nago and Maeno (1987) also suggested that there is no
damping of pore water pressure without the presence of air in the sand layer even under 
consideration of the compressibility of water and the sand bed. Therefore, the vertical
distribution of porosity occupied by air ( aλ ) is modeled by the Eq. (5). The oscillating 
water pressure is considered as recorded in the experiments and the pressure is distributed 
at all surface grid points assuming progressive wave flow. Fig. 4(a) to (c) represents the 
comparison between calculated and measured pore water pressure at the cylindrical pier at 
depths z = 5cm, z = 15cm and z = 25cm, respectively. Good agreement between the 
simulated results and the experimental data for pore water pressure is obtained for both 
pressure damping and phase lag. 
The effective stress level is calculated from the simulated pore water pressure at different 
depths of sand layer at bridge pier. Fig. 5 shows the calculated and measured non-
dimensional effective stress for test no. 2. There was no development of local scour at the
pier. Therefore, the calculations for ( )z tσ ′  were performed using the initial depth
corresponding to each of the measuring points. Fig. 5(a) shows the effective stress
variation with time at z = 5cm. The effective stress reduces along with the propagation of 
the wave generation when the wave trough comes in front of the pier. The comparison 
between the calculated and the measured effective stress at depths z = 15cm and z = 25cm 
is also shown in Fig. 5(b) and (c), respectively. If ( )z tσ ′ ≥1, then the sand bed is considered 
to be stable. Fig. 5 shows that the value of ( )z tσ ′ =1 until about 4 secs, at which state the 
waves were not acted in the sand bed. After that the waves were generated and the 
effective stress reduced considerably due to the development of the pore water pressure 
under wave action. 
CONCLUSIONS
This paper presents a three-dimensional finite element numerical model for simulating the 
dynamic behavior of the sand bed. The simulated results are verified with experimental 
data observed at cylindrical bridge pier in uniform sand bed. The numerically obtained 
results give good agreement with experimental results. A smaller value of effective stress 
is found around the bridge pier than required for stable condition. The effective stress is 
expected to be zero, i.e., liquefaction state, under circumstances of the wave propagation at 
the bridge site. Under such a state, the structure is likely to be unstable and liable of
collapse. In this study, the pier diameter and wave properties were selected in such a way 
that no local scour was allowed. Therefore, the sand bed behavior is resulted only from the 
effect of the wave action. Obviously, the situation will be more severe when the foundation
of the structure will be experienced by both the local scour and the liquefaction. The results 
also suggest that this numerical modeling technique can be used regarding to the other soil-
water-structure problems such as the floatation of buried pipelines, the burial of bubble 
mounds and the foundation failures of the breakwaters. Since the sand of liquefied zone is 
supposed to remove away by the tangential incipient flow velocity, the liquefaction depth 
assessed by this simulation will also be useful for modeling sediment transport.
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TABLE 1. Details of Experiments
Fig. 1. Schematic diagram of the experimental wave flume
Test
No.
(1)
h0
(cm)
(2)
D
(cm)
(3)
d50
(mm)
(4)
λw
(5)
H
(cm)
(6)
T
(sec)
(7)
L
(cm)
(8)
1 80 10 0.25 0.46 30 2 450
2 80 10 0.25 0.40 30 2 450
3 80 10 0.25 0.45 30 3 750
4 50 10 0.25 0.40 27 2 430
800cm 450cm 350cm
Wave Gauge Cylindrical pier
Wave direction 
1
6
0
cm
Plunger
Wave absorber
40cm
Sediment
 recess 
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Fig.2. Position of the pressure transducers at the pier wall
Fig. 3. Schematic diagram of sand bed and computational mesh (a) grids
seen from above and (b) grids seen from vertical cross-section X-X
80cm
40cm
10cm
10cm
10cm
Pier
D=10cm
Wave direction
Pt.1
Pt.2
Pt.3
Pt.4
sand
z = 40cm
x = 60cm
Z = 40cm
z
(b)
60cm
450cm
X X
60cm
(a)
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Fig. 4. Comparison between calculated and measured 
pore water pressure at pier for test 2, (a) at z = 5 cm, 
                                  (b) at z = 15 cm and  (c) at z = 25 cm
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z  = 5 cm
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Fig. 6. Comparison between calculated and measured non-
dimensional effective stress variation at pier for test.2  (a)
at z = 5 cm, (b) at z = 15 cm and (c) at z  = 25 cm
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